Background/Purpose: Skin care via moisturization compensates for the lack of skin
| INTRODUC TI ON
Dry skin is a common health problem among the elderly population.
The prevalence of dry skin in the elderly population is high at 45.3-
55.6%.
1-3 Dry skin is characterized by pathological dryness of the skin, depletion of skin lipids, reduced barrier function, and excessive scaling. Dry skin is a visual problem due to skin bulkiness; moreover, severely dry skin causes itchiness, leading to scratching and skin cracks. Chronic itchiness may have an impact on the quality of life, 4 and scratching can cause wounds or infection. Ceramides, which bind together protective cells in the outermost skin layer, the stratum corneum (SC), are reported to decrease with age. 5 Moreover, dry skin in the feet is reported to be a risk factor for heel pressure ulcer development. 6 Dry skin-related health problems cannot be overlooked. One of the important ways of managing dry skin is moisturization.
The effectiveness of dry skin care using a moisturizer has already been demonstrated. To reduce dry skin symptoms, the use of moisturizers [7] [8] [9] [10] [11] [12] and standardized skin care regimen 13 is reported to be effective. Twice daily skin-moisturizing regimen reduces the incidence of skin tears.
14 Despite such efforts, there are people with dry skin that show no improvement.
The retention of moisturizers in the SC is considered to be useful for proposing new effective moisturizer application method to alleviate dry skin symptoms. In electron microscopy observation, several areas within the SC in patients with atopic dermatitis were shown to be devoid of lipids, and the lamellae often exhibited an abnormal and/ or incomplete structure. 15 A report has also described that intercellular materials were absent in the SC treated with acetone-ether (AE), leaving intercellular spaces vacant. 16 Based on these facts, we considered that differences in the retention of an applied substance in the SC may be observed between dry and normal skin. Furthermore, if the retention of an applied substance in the SC is different between dry and normal skin, its effects can be predicted to be different as well. In clinical settings, the selection of skin care interventions and skin care products is not evidence-based. 17 Altogether, there is no evidence available regarding the frequency of moisturization and amount of moisturizer to be applied daily. Therefore, the focus of this study was the retention of moisturizers.
Among the substances related to the moisturization effect on the skin, ceramide is the focus in the current study. Ceramide is one of the intercellular lipids in the SC, which plays an important role in skin barrier function. 18 The ceramide was reported to penetrate the SC when ceramide-containing medical tape was applied to the skin.
Therefore, it can contribute to improving the SC moisture level.
19
However, ceramide retention in the SC needs to be fully elucidated.
Therefore, we focused on ceramide among the different moisturizing ingredients whose retention can be demonstrated. No studies have been conducted yet on the retention of ceramide applied on the SC of dry skin to propose an effective method of moisturizer application. Thus, our study aimed to compare the retention of externally applied ceramide in the SC between normal skin and dry skin model. To demonstrate the retention of moisturizer in the SC, a fluorescent imaging method using fluorescently labeled ceramide was adopted. As a dry skin model, artificially degreased skin with reduced barrier function was adopted.
| MATERIAL S AND ME THODS

| Animals
Nine-week-old male Sprague-Dawley rats (Sankyo Lab Service
Corp., Inc., Tokyo, Japan) were kept on a 12-hours light-dark cycle and were allowed free access to food and water. Rats were acclimated for 7 days before the first treatment. They were divided into two groups: the normal skin group and the dry skin model group.
This study was reviewed and approved by the Kanazawa University 
| Dry skin model
To create a dry skin model, the acetone-diethyl ether-induced skin barrier disruption was performed according to the previously reported procedures with slight modifications. 20, 21 Figure 1 shows the experimental protocol. The back hairs of rats in the range of 9 cm (head-tail direction) and 6 cm (lateral direction) were shaved 24 hours prior to the start of the skin barrier disruption (Figure 2A ).
The skin was treated with a mixture of acetone and diethyl ether
(1:1) (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan) using a cotton (55 × 70 mm) (Shiseido Co., Ltd. Tokyo, Japan) for 30 seconds (AE treatment). AE treatment was performed twice a day (at 9:00 am and 5:00 pm) for 3 days, only on the dry skin model group. Only shaving of hair was performed on the normal skin group.
| Validation of the dry skin model
The dry skin model was defined as an individual that satisfied the following two conditions simultaneously. The first point was that the measured value of the transepidermal water loss (TEWL) was increased after AE treatment. The second point was that endogenous ceramide intensity in dry skin model was lower than that in normal skin.
| Skin physiological function
Transepidermal water loss was measured 22 at 24 hours after shaving (pre-TEWL measurement) and at 74 hours from pre-TEWL measurement (post-TEWL measurement) using Tewameter ® TM300 (Courage+Khazaka GmbH, Cologne, Germany). Two sites (5 cm away) within the shaved area were selected for TEWL measurement ( Figure 2B ), and the values of TEWL at these two sites were averaged. These two sites were measured three times each.
| Endogenous ceramide
Immunohistochemistry against pan-ceramide (ie, all kinds of ceramides) was performed as follows: The skin tissue for endogenous ceramide measurement was harvested at the same time as the ceramide applied skin tissue. A sterile disposable biopsy punch (Kai Industries Co. Ltd., Gifu, Japan) was used to obtain the skin tissue intensity of endogenous ceramide was divided by the area of the SC.
ImageJ software (National Institute of Health, Bethesda, MD) was used for the SC identification and intensity evaluation. 
| Retention
| Procedure of ceramide application
The ceramide solution (2 μL/site) was applied to the dorsal skin where the hairs had been shaved ( Figure 2C ) under anesthesia. Anesthesia was discontinued in rats after the application of ceramide solution.
The dorsal skin was protected from touch and light exposure using an adhesive plaster. There was no contact between the adhesive plaster and the area on which the ceramide solution was applied.
The skin tissue was obtained during anesthesia, just after application (0 minute) and at 12 hours after application. Further, the skin tissue without ceramide solution was also obtained. The specimen was prepared as described in the previous section.
| Analysis of ceramide retention
For evaluating the retention of externally applied ceramide, ceramide intensity in the SC was examined. Four types of images, green (ceramide 2-NBD), red (autofluorescence), blue (nuclear staining), and brightfield, were acquired in the same region of the specimen.
All images were obtained at the same exposure time per color, in the same manner as described in the section of endogenous ceramide. These four types of images and appropriately merged images were used for analysis. First, the SC was identified from brightfield image and merged image of brightfield and blue. Then, the intensity of externally applied ceramide and autofluorescence was evaluated from green and red images in the SC area identified, respectively. Red intensity was subtracted from green intensity. This subtraction was carried out to minimize the influence of autofluorescence on the retention of externally applied ceramide.
The intensity of externally applied ceramide was divided by the area of the SC. ImageJ software was used for the SC identification and intensity evaluation. Changes in area-normalized intensity of externally applied ceramide between 0 minute and 12 hours after application in the same rat were examined. Of the six sections, one section was selected per sample. The SC of the selected section mostly remained without peeling.
| Statistical analysis
Differences in the TEWL pre-and post-measurement were compared using paired t test. P-value was adjusted using the Bonferroni method.
Differences in the intensity of externally applied ceramide were com- 
| RE SULTS
| Validation of dry skin model
| Skin physiological function
The TEWL measured value in the dry skin model group increased significantly after AE treatment (P = 0.006). On the contrary, no significant difference was observed in the TEWL measured value in the normal skin group (P = 0.73) (Figure 3 ).
| Endogenous ceramide
In the dry skin model group, endogenous ceramide distribution was between 7.0 and 9.9 (×10 4 a.u.). In the normal skin group, in two out of five rats, the ceramide measured values were 8.0 and 9.4 (×10 4 a.u.). This value was within the range of the ceramide measured value in the dry skin model group. In the other three rats in the normal skin group, the ceramide measured values were 11.2, 12.0, and 13.1 (×10 4 a.u.) (Figure 4 ).
Dry skin model (n = 5) and normal skin (n = 3) were included for the analysis of externally applied ceramide retention.
| Retention of externally applied ceramide
| Ceramide distribution
In normal skin at 0 minute after application, externally applied ceramide was observed in the upper layer of the SC ( Figure 5A ).
Similarly, in normal skin at 12 hour after application, externally applied ceramide was observed in the upper layer of the SC ( Figure 5B ). In the dry skin model at 0 minute after application, externally applied ceramide was observed in the upper layer of the SC ( Figure 5C ). However, in the dry skin model, externally applied ceramide was observed in all layers of the SC 12 hour after application ( Figure 5D ).
| Ceramide intensity
The two-way ANOVA with mixed design showed no significant interaction effects (P = 0.14); however, significant main effects were found regarding the time of application (0 min/12 h) (P = 0.048). Post hoc Holm method showed a significant difference between ceramide intensity at 0 minute and ceramide intensity at 12 hour after application to the dry skin model (P = 0.028) ( Figure 6 ).
| D ISCUSS I ON
This study aimed to demonstrate the ceramide retention in the SC between the normal skin and dry skin model groups. We prepared and validated a dry skin model. Then, we evaluated ceramide retention from ceramide intensity in the SC. This study found that the intensity of externally applied ceramide in the SC significantly increased from 0 minute to 12 hour after application in dry skin model. In dry skin model, the intensity of externally applied ceramide significantly increased from 0 minute to 12 hour after application.
On the contrary, in normal skin, no significant change occurred in the intensity of externally applied ceramide. It would be reasonable to think that the externally applied ceramide penetrated the wide intercellular spaces in dry skin model over 12 hour. In contrast, the externally applied ceramide could not penetrate the narrow intercellular spaces of normal skin. In this study, the focus was only the SC because the applied moisturizer remains and exerts its effect on the SC. Future studies that focus on the epidermis and dermis are necessary. Dextran (Dex) conjugated with fluorescein isothiocyanate with a molecular weight of 3 kDa was reported to penetrate the epidermis and dermis of macerated skin. 25 In macerated skin, the barrier function is decreased, and intercellular spaces are expanded. The molecular weight of NBD-conjugated ceramide used in this study was approximately 600 Da, which is smaller than Dex. Therefore, NBD-conjugated ceramide is expected to penetrate the epidermis and dermis of barrier-disrupted skin.
Zero minutes after application, the intensities of externally applied ceramide were equal for dry and normal skin. Given the difference in the SC intercellular spaces, the intensity of externally applied ceramide in dry skin model was expected to be more than that in normal skin. We believe that this contradiction is due to desquamation on the surface of the SC. Desquamation is a state of the skin in which the cornified cells are peeled off on the surface of the SC. It occurs regardless of the condition of the skin. Therefore, the intercellular spaces on the surface of dry and normal skin are considered to be similar.
For dry skin with decreased endogenous ceramide, relief from the symptoms of dry skin may not be simply achieved through an increase in the number of ceramide applications. Although improvement of dry skin by the application of a ceramide-containing moisturizer has been reported, 26, 27 there are still cases of dry skin that showed no improvement in clinical settings. In the current study, we found that the intensity of externally applied ceramide in the SC of dry skin is more than that of normal skin. Although more ceramide penetrates the intercellular spaces of dry skin, the effect is not fully demonstrated. The intercellular material is absent in the SC of AE-treated skin. 16 Therefore, applied ceramide penetrates the SC, but it is assumed to lack a structure that holds the ceramide and helps exert its effects. Thus, for an effective moisturization, considering not only the frequency of moisturization and amount of moisturizer applied but also the structure where the applied ceramide is held in the SC may be necessary.
Several limitations of this study should be acknowledged. First, the externally applied ceramide was labeled with a fluorophore of approximately 180 Da. We chose this fluorescent imaging method because no special equipment was needed, and fluorescent materials were readily available. The retention of labeled ceramide might be different from those of non-labeled ceramide. Second, only one kind of solvent was used in this study (oil: water: surfactant = 9.6: 86.4: 4). There is a possibility that ceramide shows different retention due to the differences in oil-water ratio of the solvent. Third, only one kind of acyl carbon chain length of ceramide was used in this study. The short-chain ceramide penetrated the viable epidermis, whereas long-chain ceramide stayed in the several upper SC layers. 28 Since the chain length used in the current study was shorter than that of endogenous ceramide, penetrating the SC was considered easy. Finally, rat skin was used in this experiment. Since human skin and rat skin are different in thickness, the results of our study cannot be applied directly to humans. However, the trend can be clarified since the basic structure of the skin is similar in humans and rats. There is also a report that the penetration rate of a drug obtained via rat skin correlates well with that obtained via human skin. 29 Therefore, we believe that we can continue this experimental study in the future.
| CON CLUS IONS
Our study demonstrated that the externally applied ceramide penetrated the SC of dry skin more than that of normal skin. Our findings would be the first step to make subjective evidence for an effective moisturizer application method.
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Intensity of externally applied ceramide. Areanormalized intensity of externally applied ceramide in the SC at 0 min and 12 h after application. a.u., arbitrary unit; N.S, not significant. *P < 0.05
